The heat capacities, C p;m , for SrMoO 4 at 200-300 K were measured by the relaxation method. The third law entropy, S m , and the Debye temperatures, # D , were determined from the measured C p;m . The obtained thermodynamic properties were: S m (SrMoO 4 (cr), 298.15 K)/ J K ¹1 mol ¹1 = 136.56 « 1.37; # D (SrMoO 4 (cr))/K = 373 « 6. Such thermodynamic properties can be used for evaluating the hierarchy for formation of the yellow phase related-substances in the nuclear waste glasses.
Introduction
The radio-active components in the nuclear fuel wastes from operated nuclear reactors for generation of electric power have been immobilized predominantly in an alkali borosilicate glass matrix. The nuclear fuel wastes are processed in three steps: (1) They are dissolved in a concentrated aqueous of nitric acid; (2) uranium and plutonium are separated by extraction from the aqueous solution; (3) the remaining liquid after uranium and plutonium are removed is high-level waste, containing used fuel in the form of fission products and minor actinides (Np, Am, Cm) as well as structural materials from the nuclear fuel cell. It is conditioned by calcining and incorporation of the dry material into borosilicate glass.
17 ) The waste glass is generally planned to be enclosed in an artificial barrier composed of steel, cement and bentonite, and to be disposed by burying it 300 m underground. However, direct contact between high level nuclear waste glasses and ground water is assumed to be unavoidable due to collapse of such an artificial barrier over thousands of years and unpredictable natural disasters such as the earth's crustal movements.
Molybdenum is generated as fission product from uranium in the operating nuclear reactor. It is a harmful element as it forms hygroscopic crystals called yellow phase in the borosilicate nuclear waste glass. The host crystal of the yellow phase is A 2 MoO 4 (A: alkaline metals) 35, 7) and CaMoO 4 , 57) depending on the composition and process for the waste glass. 37) There is immiscibility in alkali silicate 8) and alkali borosilicate glasses. 9) Molybdenum oxide in the borosilicate glass expands the compositional range and elevates the temperature of immiscibility, 1, 2, 4) this means that it is precipitating in the sodium-and boron-rich region of the glass matrix.
1) Hyatt et al. 3) clarified that molybdenum forms predominantly the tetrahedral MoO 4 2¹ species in the glass which is not immobilized within the polymeric borosilicate network, instead is likely to be located in extra-framework cavities, together with network modifier cations such as Na + and Ca 2+ . Therefore, the yellow phase appears to be crystallized as the equilibrium phase resulting from the reaction among MoO 4 2¹ species and cations such as Na + and Ca
2+
. 36) In order to understand the phase stability of the yellow phases, the thermodynamic properties should be inevitably necessary.
Strontium is the element as fission products and its molybdate SrMoO 4 is the end member of the yellow phase. Shukla et al. 10) The hierarchy of the crystallization among such an endmember of the yellow phase, SrMoO 4 and transition metal molybdates, NiMoO 4 and Zr 2 MoO 8 resulting from components for the nuclear fuel cell constituents was discussed on the basis of their Á f G m data.
Experimental

Starting materials
Commercial powder of SrMoO 4 (99.9%, Jonhson Matthey Co. UK) was used as the starting materials. Each powder was pressed in a steel die with 1.2 MPa to form powder compacts (º10 © 5 mm). The powder compacts were sintered by heating up to 1073 K with 10 K·min ¹1 held for 2 h. The X-ray diffraction (XRD) patterns confirmed that the sintered bodies are composed of the mono-phase. The samples were submitted to the C p;m measurement.
Low temperature C p;m
The heat capacities for SrMoO 4 were measured in the temperature range 200-300 K by using a relaxation method instrument (model PPMS, Quantum Design, San Diego, CA).
1113) The samples were attached on a sample platform made from alumina with grease (ASTM standard N-grease). The fine heater wire and thermal relaxation wire are attached to the sample platform. Both wires were made from a goldbased alloy. The sum of the heat capacities of the sample and + Graduate Student, University of Hyogo 
Where K w is the thermal conductance of the wire, T and T b are the temperature of the sample and the thermal bath, respectively, and P(t) is the power applied by the heater. For each measurement, initially the heat capacity of the platform coated with a grease, C p;m (platform), was measured, and then the sum of the heat capacity of the sample and platform, C p;m (sample+platform), was measured. The sample heat capacity, C p;m (sample), was determined by subtracting C p;m (platform) from C p;m (sample+platform). Two samples (¼ $ 2:5 Â 2:5 Â 1 t mm) were prepared by polishing the sintered bodies. Three series measurements were carried out for each sample. The average of the six series, i.e. sum of each three series was adopted as the result. The uncertainty of the measured C p;m values of six series were evaluated on the basis of the Guide to the Expression of Uncertainty in Measurement. 17, 18) The measured C p;m values were evaluated by the recent Debye-Einstein-Schottky formula
, T is absolute temperature, X 1 and X 2 are parameters defined from the following switch functions:
that the parameter X 1 switches 20) the second term:
Þ on with a sharpness controlled by ¡ at 200 K as well as the parameter X 2 switches fourth term:
2 Þ off with a sharpness controlled by ¢ at 20 K. # D , # E and # S are the Debye, Einstein and Schottky temperatures, being used for adjustable parameters. m, n and n S are adjustable parameters. Sum of m and n should be closed to the number of atoms in the chemical formula of SrMoO 4 , that is, six. A 1 and A 2 as well as B 1 and B 2 are adjustable parameters to fit difference between C p;m and isochoric heat capacity, C V;m as well as to fit electronic terms. 17, 18) Dð
T Þ are the Debye and Einstein functions, respectively, defined as eqs. (5) and (6), respectively. 23, 24) 
T Þ is a tw-level Schottky function 21) with the degeneracies of both levels set equal to one, defined as eq. (7).
The Debye heat capacity, C Debye V;m , and the Einstein heat capacity, C Einstein V;m , are defined as eqs. (8) and (9), respectively. 23 ,24)
Kelly and King T Þ. However, for reproducing the experimental data measured from very low to high temperatures, the evaluation by the recent formula given by eq. (2) is inevitably necessary.
1922)
At very low temperatures, C V;m can be approximately expressed as eq. (10) due to that almost phonons occupy near ground states, 25) where n is the number of atoms in the formula unit.
Consequently at low temperatures Â D should independent of T. 
where the S m values for the elements were referred from the related data book for Sr(cr), 27 ) O 2 (g) 27) and Mo(cr). Figure 1 shows the measured C p;m values for SrMoO 4 at 200-300 K. They were found to be closed to zero as a function of temperature, following the thermodynamic third law. Over 20 K, it increased rapidly due to active lattice vibration. About 300 K, C p;m were found to follow Neumann Kopp's rule. Tables 1 and 2 shows the measured C p;m values for SrMoO 4 and the error budget table 18) at representative temperatures, respectively. In Table 2 , the standard deviations, ·ðC p;m Þ, of the six times measurements at representative temperatures. The uncertainties of them, · c ðC p;m Þ, were evaluated as percent of twice of ·ðC p;m Þ against C p;m to obtain 95% reliability on the basis of GUM, 17, 18) given by
Results and Discussion
In our previous study, 14 Zn 31) and NiO 32) were measured and compared with the standard data.
2932) The biases between the measured values and the reference ones were found to be less than 0.7% 14) over 100 K and 1.7% at 50 K. The present statistical · c ðC p;m Þ indicating from 0.24 to 0.79% appears to be correlated with such biases from the standard reference data. T is in proportion to T 2 : (2) and Table 2 . Table 1 The experimental molar heat capacities, C p;m , of SrMoO 4 at representative temperatures. Table 2 The standard deviations, ·ðC p;m Þ, of the six times measured heat capacities and the uncertainty, · c , of the C p;m data for SrMoO 4 in the present study. Debye-Einstein-Schottky function reproduce well the experimental C p;m 's. For SrMoO 4 , not only Debye and Einstein functions but also the Schottky function was necessary to reproduce the experimental C p;m data, being similar to SiO 2 molecular sieve.
21)
The third law entropy, S m , at 298.15 K were determined from integral of the present Debye-Einstein-Schottky function as Table 2 , the uncertainty of the third law entropy, · c ðS m Þ, was assumed to be 1% in the present study. The standard entropy of formation, Á f S m , was determined based on the elements: Strontium(cr) (= 55.700
), Hierarchy of crystallization in the nuclear fuel waste glasses was discussed on the basis of the Á f G m of SrMoO 4 as well as the related transition metal molybdates, NiMoO 4 , and Zr 2 MoO 8 . Ni is element for the heat resistant alloys for the nuclear fuel cell constituents. Zr is main component of the nuclear fuel cell.
Their hirarchy can be evaluated from the standrad Gibbs energies of reaction, Á r G m , of eqs. (20) and (21).
where the Á f G m data of the standard reference substances were adopted from data book: 27, 36) Table 4 The thermodynamic values obtained for SrMoO 4 in the present study. concluded to be hardly depressed by the addition of the transition metal molybdates such as NiMoO 4 and ZrMo 2 O 8 from view of equilibrium theory. Therefore, during waste glass making, enough cooling rate to immobilize the ionic species for the yellow phase in glass structure as quasiequilibrium state should be kept for depressing crystallization of the yellow phase.
Conclusion
The heat capacities, The end-member of the yellow phase SrMoO 4 was more stable than the transition metal molybates NiMoO 4 and ZrMo 2 O 8 . Therefore, during waste glass making, enough cooling rate to immobilize the ionic species for the yellow phase in glass structure as quasi-equilibrium state should be kept for depressing crystallization of the yellow phase. 
